UPR genes are regulated by several transcription factors including activating transcription factor 6α (ATF6), an ER-transmembrane protein. 16, 17 Although not well studied in cardiac myocytes, or in the heart, in other cultured cell models ER protein misfolding triggers the translocation of ATF6 to the nucleus, where it induces certain ER stress response genes. 17 Although the causes and consequences of ER stress in the heart remain to be elucidated, previous studies have suggested that ATF6 regulates mainly adaptive ER stress responses. 18, 19 Thus, identifying ATF6-regulated genes is required to understand mechanisms that maintain proteostasis and defend against the maladaptive ER stress response and potential cardiac dysfunction.
Our previous transcriptome analysis showed that in the mouse heart ATF6 induces genes that encode numerous ERresident proteins predicted to contribute to enhancing ER protein folding through the adaptive ER stress response, including components of the ERAD machinery. 20 One of the genes induced by ATF6 in the heart is the ER-transmembrane E3 ubiquitin ligase, hydroxymethyl glutaryl-coenzyme A reductase degradation protein 1 (Hrd1; Figure 1A ). Hrd1 was discovered in yeast and named for its ability to ubiquitylate the ERtransmembrane protein, hydroxymethyl glutaryl-coenzyme A reductase. 21 Since then, Hrd1 has been shown in yeast, 22, 23 as well as in several mammalian cell lines, 24, 25 to play a key role in ERAD-mediated degradation of a wide spectrum of misfolded proteins. Moreover, Hrd1 has been implicated as being beneficial in several neurodegenerative diseases, 26 and maladaptive in other diseases, such as liver cirrhosis 27 and rheumatoid arthritis. 28 In addition to Hrd1, other ER-transmembrane E3 ubiquitin ligases, such as E3 ubiquitin-protein ligase AMFR, E3 ubiquitin-protein ligase MARCH6, and E3 ubiquitin-protein ligase RNF139, also contribute to ERAD, although the range of substrates for these enzymes is more limited than Hrd1. 10 Remarkably, among ≈1000 E3 ubiquitin ligases in the genome, 29 Hrd1 was the only ER-transmembrane E3 ubiquitin ligase that was induced by ATF6 in the heart. 20 Because ERtransmembrane E3 ubiquitin ligases have not been examined in the cardiac context, we undertook the current study to investigate roles for Hrd1 in cultured cardiac myocytes and in the heart.
Methods
Further details on the Methods can be found in the Online Data Supplement.
Laboratory Animals
The research reported in this article has been reviewed and approved by the San Diego State University Institutional Animal Care and Use Committee and it conforms to the Guide for the Care and Use of Laboratory Animals published by the National Research Council.
Hrd1 Ubiquitylation Assay
The ubiquitin ligase activity of the Hrd1 used in this study was demonstrated as described in the Online Data Supplement.
ERAD Assay
ER-associated protein degradation (ERAD) was measured using a C terminally hemaglutinin (HA)-tagged version of the model substrate, T-cell antigen receptor α-chain (TCR-α), essentially as described, 30 but using adenovirus (AdV)-TCR-α-HA.
Statistics
Unless otherwise stated, values shown are mean±SEM and statistical treatments are 1-way ANOVA followed by Newman-Keuls post hoc analysis.
Results

Hrd1 Is Induced by ATF6, X-Box-Binding Protein 1, and ER Stress in Cardiac Myocytes
To examine Hrd1 gene expression in response to ER stress in cardiac myocytes, we determined the effects of ATF6 and another ER stress-inducible transcription factor, X-boxbinding protein 1, on Hrd1 expression in cultured neonatal rat ventricular myocytes. Hrd1 mRNA increased when cardiac myocytes were infected with AdV encoding activated ATF6, or activated X-box-binding protein 1 ( Figure 1B ). Hrd1 mRNA also increased when cardiac myocytes were treated with chemical inducers of ER stress, tunicamycin, thapsigargin, or dithiothreitol ( Figure 1C ), which cause ER protein misfolding by inhibiting protein glycosylation, 31 decreasing ER calcium, 32 or altering ER redox status, 33 respectively.
To detect Hrd1 protein, we generated a rabbit antiserum to the C-terminal cytosolic domain of human Hrd1, which is conserved in mouse and rat Hrd1. Using this antiserum, we showed that Hrd1 protein increased when cultured cardiac myocytes were infected with AdV encoding activated ATF6 or activated X-box-binding protein 1 ( Figure 1D and 1E when they were treated with tunicamycin, thapsigargin, or dithiothreitol ( Figure 1F and 1G). Thus, Hrd1 was upregulated in cultured cardiac myocytes by ER stress and by key transcription factors of the UPR gene program.
Hrd1 Knockdown Augments ER Stress Gene Expression and Decreases Cardiac Myocyte Viability
To examine the function of endogenous Hrd1, we used an small interfering RNA targeted to Hrd1, (siHrd1), which decreased Hrd1 in cultured cardiac myocytes by as much as 75% (Figure 2A and 2B). Hrd1 knockdown increased the ER stress markers, Grp94 and Grp78 in untreated cells, as well as in cells treated with tunicamycin or thapsigargin for 48 hours (Figure 2A , 2C, and 2D) or 72 hours (Online Figure  IA , IC, and ID). These results indicated that a reduction in Hrd1 increased misfolded ER proteins and subsequent ER stress. However, most dramatic was the increase in the ER stress-inducible protein, C/EBP-homologous protein, in cells treated with tunicamycin or thapsigargin (Figure 2A and 2E; Online Figure IA and IE). C/EBP-homologous protein is often associated with maladaptive ER stress and cell death. Accordingly, the effects of Hrd1 knockdown on cardiac myocyte viability were examined. Hrd1 knockdown decreased cardiac myocyte viability in cells treated with tunicamycin or thapsigargin (Figure 2F and 2G; Online Figure IF and IG). Moreover, ER stress-mediated activation of caspase-12, a marker of maladaptive ER stress and inducer of apoptosis, was also increased by Hrd1 knockdown in cells treated with tunicamycin or thapsigargin ( Figure 2H and 2I). In addition, Hrd1 knockdown decreased cell number significantly in neonatal rat ventricular myocytes subjected to simulated ischemia/reperfusion ( Figure 2J ). Hrd1 knockdown was also shown to decrease protein ubiquitylation (Online Figure IH) . These results indicate that endogenous Hrd1 protects cardiac 
Effect of Hrd1 Knockdown on ERAD
Because Hrd1 is best known for its roles in ERAD, but functional roles for ERAD have not been investigated in cardiac myocytes, we examined the effects of Hrd1 knockdown on ERAD in cardiac myocytes using an HA epitope-tagged version of the TCR-α-HA as a model misfolded ER protein. 30 When expressed in cells that do not normally express the other TCR subunits, TCR-α-HA, an ER-transmembrane protein, misfolds and is degraded by ERAD. 30, 34 Accordingly, cultured cardiac myocytes that had been subjected to Hrd1 knockdown were infected with an AdV that expresses TCR-α-HA. The rate of TCR-α degradation, which is a measure of ERAD, was then assessed by examining TCR-α-HA levels by anti-HA immunoblotting after various times of blocking protein synthesis with cycloheximide. In control cells (siCon), tunicamycin and thapsigargin increased the rate of ERAD, as evidenced by a decrease in TCR-α-HA levels after each time of cycloheximide treatment (Figure 3A , siCon; Figure 3B and 3D). This finding suggests that ER stress-mediated upregulation of proteins that comprise the ERAD machinery augments the degradation of misfolded ER proteins. In contrast, when Hrd1 was knocked down, tunicamycin and thapsigargin dramatically decreased ERAD (Figure 3A , siHrd1; Figure 3C and 3E). Moreover, the rate of ERAD was decreased by Hrd1 knockdown even in the absence of ER stress. These results demonstrate that endogenous Hrd1 plays a key role in the adaptation of cardiac myocytes to ER protein misfolding.
Hrd1 Knockdown Is Maladaptive in a Mouse Model of Pathological Cardiac Hypertrophy
To determine roles for endogenous Hrd1 during cardiac pathology, mice were injected with 10 11 genome-containing units of adeno-associated virus 9 encoding either a control small hairpin RNA (AAV9-sh-Con) or a small hairpin Figure 2 . Effects of Hrd1 knockdown on ER stress and myocyte viability. Cultured cardiac myocytes were treated with siCon (control small interfering RNA) or siHrd1 (Hrd1 small interfering RNA) for 48 hours, and then vehicle, tunicamycin (TM; 10 μg/mL) or thapsigargin (TG; 1 μmol/L) for 48 hours. A, Hrd1, Grp94, Grp78, Gapdh, and C/EBP-homologous protein (CHOP) were measured by immunoblotting. IB, antibodies used for immunoblotting. B to E, Densitometry of the blots shown in A normalized to vehicle-treated siCon, except for CHOP, which was normalized to TM-treated siCon. *P≤0.05 different from Con. #P≤0.05 different from Con/siCon. F and G, Cultured cardiac myocytes were treated with siCon or siHrd1 for 48 hours, and then with various doses of TM or TG for 48 hours, after which cell viability was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. *P≤0.05 different from siCon at the same dose and time of TM or TG treatment. Note: at 10 μmol/L TG there was no MTT value in either siCon or siHrd1. H, Cultured cardiac myocytes were treated with siCon or siHrd1 and then with vehicle, TM, or TG for 48 hours. Extracts were then immunoblotted for caspase-12. I, Densitometry of the 40 kDa active version of caspase-12, normalized to vehicle-treated siCon cells. *P≤0.05 different from treatmentmatched siCon. J, Cultured cardiac myocytes were treated with siCon or siHrd1, and then subjected to simulated ischemia/reperfusion (I/R), after which cell numbers were determined by microscopy. *P≤0.05 different from Con/siHrd1, as determined by t test.
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RNA targeted to Hrd1 (AAV9-sh-Hrd1), and then subjected to sham or transaortic constriction (TAC) surgery to produce pressure overload-induced pathological cardiac hypertrophy ( Figure 4A ). Because of its effects on increasing cardiac myocyte protein synthesis, pathological cardiac hypertrophy can potentially challenge cellular protein folding and quality control machinery. Immunoblots of the mouse hearts showed that AAV9-sh-Hrd1 decreased Hrd1 levels of sham and TAC mouse hearts by ≈50% ( Figure 4B ). Echocardiography showed that, when compared with control, Hrd1 knockdown did not significantly affect fractional shortening ( Figure 4C , blue versus green) or ejection fraction (Online Table I ). However, in mice subjected to TAC surgery, Hrd1 knockdown exacerbated the functional impairment, as evidenced by further significant decreases in fractional shortening ( Figure 4C , red versus brown) and ejection fraction (Online Table I ). In terms of left ventricular (LV) structure, in mice subjected to TAC, Hrd1 knockdown increased LV end diastolic and systolic volumes ( Figure 4D and 4E), as well as LV diastolic and systolic inner diameters (Online Table I ), all of which are indicators of pathological LV dilation in response to pressure overload. These results indicated that Hrd1 knockdown accelerated disease progression in response to pressure overload, as evidenced by worsened systolic dysfunction, as well as increased systolic and diastolic LV dilation.
In terms of cardiac hypertrophy, when compared with control, Hrd1 knockdown increased heart weights in mice subjected to sham surgery ( Figure 4F , blue versus green), suggesting that endogenous Hrd1 is a regulator of cardiac growth and knocking down Hrd1 may prime the heart for a hypertrophic growth response. This trend was also seen when LV mass was calculated from the echocardiography data, although it did not reach statistical significance (Online Table I ). In control mice, heart weights were increased by TAC ( Figure 4F , red), consistent with the expected pressure overload-induced cardiac hypertrophy. Hrd1 knockdown resulted in a further increase in heart weight by TAC ( Figure 4F , brown) but, as determined gravimetrically, this increase did not reach significance. However, when calculated from the echocardiography data, the increase in LV mass in mice subjected to TAC was significantly increased by Hrd1 knockdown, when compared with control (Online Table I ).
With regards to genetic markers of hypertrophy, Hrd1 knockdown increased the levels of atrial natriuretic factor, B-type natriuretic peptide, and β-myosin heavy chain in the hearts of mice subjected to TAC ( Figure 4G , group 3 versus 4), consistent with exacerbated hypertrophy by Hrd1 knockdown. The level of collagen 1A1 was also increased by Hrd1 knockdown ( Figure 4G ), suggesting an increase in fibrosis, which was supported by histological examination ( Figure 5A-5D ). Finally, examination of apoptosis in mouse heart sections using a terminal deoxynucleotidyl transferase dUTP nick end labeling stain also showed that Hrd1 knockdown increased the number of terminal deoxynucleotidyl transferase dUTP nick end labeling positive nuclei ( Figure 5E ). Thus, by most measures, Hrd1 knockdown exacerbated cardiac pathology in the hearts of mice subjected to pressure overload. 
Hrd1 Overexpression Is Adaptive in a Mouse Model of Pathological Cardiac Hypertrophy
Because Hrd1 loss-of-function was maladaptive, we examined whether Hrd1 gain-of-function would be adaptive in the mouse heart. Accordingly, we generated a recombinant AAV9 encoding an untagged version of mouse Hrd1. Expression of Hrd1 was directed to ventricular myocytes using a previously described form of the myosin regulatory light chain 2 promoter, 35 ,36 which we previously showed to support increased protein expression in >80% of mouse cardiac myocytes, in vivo. 37, 38 In the present study, 10 11 genome-containing units of AAV9-Con or AAV9-Hrd1 were administered to mice by tail vein injection. Immunocytofluorescence showed that, when compared with AAV9-Con, AAV9-Hrd1 increased Hrd1 expression in most cardiac myocytes in mouse hearts, and that some myocytes expressed more Hrd1 than others (Online Figure IIA and IIB). Additional immunocytofluorescence showed that Hrd1 colocalized with cardiac troponin T and, to some extent, with sarcoplasmic/endoplasmic reticulum calcium ATPase 2a (Online Figure IIC and IID), consistent with Hrd1 localization to the longitudinal sarcoplasmic reticulum (SR). Because Hrd1 seemed to localize to the SR, the effects of Hrd1 overexpression on Ca 2+ transients in adult mouse cardiac myocytes were examined. Overexpression of Hrd1 did not change the Ca 2+ transient amplitude, the rate of Ca To examine the effects of Hrd1 overexpression on cardiac pathology, mice that had been injected with either AAV9-Con or AAV9-Hrd1 were subjected to sham or TAC Figure 4 . Hrd1 knockdown impairs cardiac function. A, Experimental protocol for adeno-associated virus (AAV) 9 administration, transaortic constriction (TAC), and termination of the experiment. n indicates number of mice used for each treatment. B, Immunoblots of AAV9-sh-Con (AAV9-encoded control small hairpin RNA) or AAV9-sh-Hrd1 (AAV9-encoded Hrd1 small hairpin RNA) mouse heart extracts. C to E, Echocardiography of AAV9-sh-Con and AAV9-sh-Hrd1-treated mice subjected to sham or TAC surgery. Echocardiography was done just before euthanization of the animal. C, Fractional shortening (%). D and E, LVEDV and LVESV, respectively. F, Heart weights normalized to tibia lengths (HW/TL). G, mRNA levels in mouse heart extracts were determined by quantitative reverse transcriptase polymerase chain reaction. *,#P≤0.05 different from all other values. Additional echocardiography data and statistical analyses can be found in Online Table I . β-MHC indicates β-myosin heavy chain; ANF, atrial natriuretic factor; BNP, B-type natriuretic peptide; Col1A1, collagen 1A1; LVEDV, left ventricular end-diastolic volume; and LVESV, left ventricular end-systolic volume.
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Hrd1 and the Adaptive ER Stress Response 7 surgery ( Figure 6A ). Immunoblots showed that AAV9-Hrd1 increased Hrd1 expression in both sham and TAC-treated mouse hearts ( Figure 6B ). TAC resulted in a slight increase in Hrd1 protein ( Figure 6B ), as well as Hrd1 mRNA (Online Figure IVA) . Echocardiography showed that Hrd1 overexpression did not affect fractional shortening ( Figure 6C , blue versus green) or ejection fraction (Online Table II ) in mice subjected to sham surgery. However, Hrd1 overexpression improved fractional shortening and ejection fraction in mice subjected to TAC ( Figure 6C , red versus brown; Online Table II ). In terms of LV structure, Hrd1 overexpression also diminished TAC-mediated increases left ventricular end-diastolic volume and left ventricular end-systolic volume ( Figure 6D and 6E, red versus brown), as well as LV diameter (Online Table II ). In terms of cardiac hypertrophy, AAV9-Con-treated mice subjected to TAC exhibited increased heart weights, which were diminished in AAV9-Hrd1-treated mice ( Figure 6F , red versus brown). Hrd1 overexpression decreased the levels of atrial natriuretic factor, B-type natriuretic peptide, and β-myosin heavy chain in mice subjected to TAC ( Figure 6G, group 3 versus 4) . Moreover, the level of collagen 1A1 in mice subjected to TAC was also decreased by Hrd1 overexpression (Figure 6G ), suggesting a decrease in fibrosis, which was supported by histological examination ( Figure 7A-7D) . Finally, examination of apoptosis in mouse heart sections using a terminal deoxynucleotidyl transferase dUTP nick end labeling stain also showed that Hrd1 overexpression decreased the number of terminal deoxynucleotidyl transferase dUTP nick end labeling positive nuclei ( Figure 7E ). Thus, by most measures, Hrd1 overexpression decreased cardiac pathology in the hearts of mice subjected to pressure overload.
To examine the effects of Hrd1 overexpression on cardiac myocyte growth directly, we generated an AdV encoding Hrd1, which resulted in overexpression of Hrd1 in cultured cardiac myocytes by ≈3-fold over control (Online Figure  VA) . Immunocytofluorescence showed that, when compared with AdV-Con, AdV encoding Hrd1 increased the levels of Hrd1, which colocalized with ER proteins (Online Figure VI) . Overexpression of Hrd1 decreased myocyte surface area and protein synthesis, as well as expression of atrial natriuretic factor and B-type natriuretic peptide, 2 markers of hypertrophic cardiac myocyte growth (Online Figure VB-VE) . These results are consistent with the ability of Hrd1 to diminish hypertrophy, in vivo and indicate that Hrd1 exhibits cardiac myocyte growth moderating effects.
Discussion ER Stress and Heart Disease
Many diseases, including heart disease, are associated with protein misfolding, which contributes to organ dysfunction.
2,39-42 Such protein misfolding can take place in the ER, as well as elsewhere in cardiac myocytes. Protein quality control outside the ER in cardiac myocytes has been addressed in several relatively recent studies 42 ; however, less is known about the effects of protein misfolding in the ER of cardiac myocytes. Although protein misfolding can have dire consequences, regardless of where it takes place, disease-related ER protein misfolding is particularly problematic in cardiac myocytes, because it could affect the levels of key secreted and membrane proteins, such as calcium-handling proteins and adrenergic receptors, which can impair cardiac myocyte function. Moreover, some forms of cardiac disease, such as those associated with hypertrophy, can increase protein synthesis, which potentially challenges an already disease-impaired ER protein-folding environment. 19, 39, 43 Although not studied extensively in cardiac myocytes, in other model cell types, ER protein misfolding activates the UPR, which is designed to restore ER protein folding and degrade misfolded proteins, which are processes that are essential for the adaptive ER stress response. Therefore, throughout essentially all of a cellular lifetime, ER stress is met with adaptive responses.
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Figure 5. Histology and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analyses of mouse hearts treated with adeno-associated virus (AAV)-sh-Con and AAV9-sh-Hrd1. A to D, Sections of hearts from mice treated with either AAV9-sh-Con (AAV9-encoded control small hairpin RNA) or AAV9-sh-Hrd1 (AAV9-encoded Hrd1 small hairpin RNA), and then subjected to sham or transaortic constriction (TAC) surgery, as described in the Experimental Protocol shown in Figure 4A , were stained with Masson's trichrome to examine fibrosis (blue). E, Sections of hearts from mice treated with either AAV9-sh-Con or AAV9-sh-Hrd1, and then subjected to TAC were analyzed for apoptosis by TUNEL staining, and then quantified to determine % of nuclei that were TUNEL-positive. *P≤0.05 different from all other values.
However, when such adaptive responses are not sufficient to restore ER proteostasis, continued ER stress can impair cardiac myocyte function and, ultimately, it can lead to cell death and organ damage.
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The Adaptive ER Stress Response and Cardiac Development
In contrast to the neonatal heart, we found that the adult heart expresses low levels of Hrd1, as well as Grp78 and ATF6 (Online Figure IVB) . Previous studies of a variety of tissues, including liver, kidney, brain, and heart, have shown that other proteins that are part of the ER protein synthesis and quality control machinery are also expressed at higher levels early in the development when compared with the adult. [44] [45] [46] Moreover, targeted deletion of the genes encoding several of these proteins, such as Grp78, Grp94, calreticulin, and Hrd1, is embryonic-lethal in mice, and in many of these cases, this lethality is associated with impaired cardiac development, [47] [48] [49] [50] underscoring the essential nature of these genes in the embryonic heart. The relatively high levels of ER proteins in early development may be required to support cellular differentiation and the high rate of production of secreted and membrane proteins. Moreover, in the developing heart, cardiac myocytes proliferate and grow in size, placing demands on the ER protein synthesis and folding machinery. In addition, the SR must grow dramatically to meet the needs of the developing excitation-contraction coupling machinery in growing cardiac myocytes. This SR expansion requires active lipid synthesis in the ER, as well as synthesis, proper folding, and trafficking of the proteins that participate in contractile calcium handling. Therefore, although it is not surprising that levels of Hrd1, as well as other ER protein quality control proteins, are high in the developing heart it has been previously unappreciated that in the adult heart, the adaptive ER stress response may be Figure 6 . Hrd1 overexpression preserves cardiac function. A, Experimental protocol for adeno-associated virus (AAV) 9 administration, transaortic constriction (TAC), and termination of the experiment. n indicates number of mice used for each treatment. B, Immunoblots of AAV9-Con or AAV9-Hrd1 mouse heart extracts. C to E, Echocardiography of AAV9-Con and AAV9-Hrd1-treated mice subjected to sham or TAC surgery. Echocardiography was done just before euthanization of the animal. C, Fractional shortening (%). D and E, LVEDV and LVESV, respectively. F, Heart weights normalized to tibia lengths (HW/TL). G, mRNA levels in mouse heart extracts were determined by quantitative reverse transcriptase polymerase chain reaction. *P≤0.05 different from all other values. Additional echocardiography data and statistical analyses can be found in Online Table II . β-MHC indicates β-myosin heavy chain; ANF, atrial natriuretic factor; BNP, B-type natriuretic peptide; Col1A1, collagen 1A1; LVEDV, left ventricular end-diastolic volume; and LVESV, left ventricular end-systolic volume.
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less dynamic and may therefore exhibit a narrower range of responsiveness to misfolded protein accumulation, than in the developing heart.
Conclusions
Previous studies have shown the importance of the transcription factors, ATF6 and X-box-binding protein 1, in the adaptive ER stress response in ischemic and hypertrophic heart disease in mice. 19, [51] [52] [53] The present study demonstrates that a gene that can be induced by these transcription factors, Hrd1, contributes to the adaptive ER stress response in cultured cardiac myocytes and that it preserves cardiac function in a mouse model of pathological cardiac hypertrophy. Based on this study, we hypothesize that under certain conditions, sufficient levels of Hrd1 facilitate the degradation of misfolded proteins in the ER, which adaptively enhances myocyte viability. However, when Hrd1 is not sufficient, such as in the adult heart, pathology-driven maladaptive accumulation of misfolded proteins threatens myocyte viability and cardiac function. This is the first study to report on roles for any ER-transmembrane E3 ubiquitin ligase and ERAD in cardiac myocytes and in the mouse heart, in vivo. Moreover, this is the first study to show that ER stress accelerates ERAD in a Hrd1-dependend manner in cardiac myocytes. 
Sources of Funding
Disclosures
None. Figure 7 . Histology and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analyses of mouse hearts treated with adeno-associated virus (AAV) 9-Con and AAV9-Hrd1. A to D, Sections of hearts from mice treated with either AAV9-Con or AAV9-Hrd1, and then subjected to sham or transaortic constriction (TAC) surgery, as described in the Experimental Protocol shown in Figure 6A , were stained with Masson's trichrome to examine fibrosis (blue). E, Sections of hearts from mice treated with either AAV9-Con or AAV9-Hrd1, and then subjected to TAC were analyzed for apoptosis by TUNEL staining, and then quantified to determine % of nuclei that were TUNEL-positive. *P≤0.05 different from all other values.
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protection from ischemia/reperfusion injury in the hearts of transgenic mice with a tamoxifen-regulated form of ATF6. What Is Known?
• The endoplasmic reticulum (ER) is the location of the synthesis and folding of secreted and membrane proteins.
• A decrease in protein folding and accumulation of unfolded proteins in the ER may contribute to the pathology of several disease states.
• ER-associated degradation (ERAD) removes misfolded ER proteins and reduces and contributes to the adaptive rejuvenation of protein folding; however, the role of ERAD in cardiac myocytes and in heart disease has not been examined.
What New Information Does This Article Contribute?
• The ER-transmembrane protein, hydroxymethyl glutaryl-coenzyme A reductase degradation protein 1 (Hrd1), is expressed in the sarcoplasmic reticulum/ER of cardiac myocytes, where it ubiquitylates and targets misfolded proteins for removal, thus enhancing cell survival during stress. • Increasing Hrd1 expression using an adeno-associated virus 9-based gene therapy approach preserved cardiac function and decreased cardiac hypertrophy in a model of pressure overload-induced cardiac pathology. • Hrd1 plays a central role in ERAD and contributes to the ability of cardiac myocytes to adapt to pathological conditions that threaten myocyte viability by impairing ER protein folding.
The ER is the site of secreted and membrane protein synthesis and folding. In the diseased heart, impaired ER protein folding could contribute to pathology. The ER-transmembrane protein, Hrd1, is a ubiquitin ligase that has been shown in yeast to ubiquitylate misfolded, potentially toxic proteins, targeting them for degradation by ER-associated degradation, ERAD, which improves cell viability. However, neither Hrd1 nor ERAD has been studied in the heart. Accordingly, we examined the functions of Hrd1 and ERAD in cardiac myocytes and determined whether they play adaptive roles in the pathological heart. We found that cardiac myocytes express Hrd1 in the sarcoplasmic reticulum and that Hrd1 is required for ERAD. Knocking down Hrd1 decreased ERAD, increased misfolded ER protein accumulation, and decreased cardiac myocyte viability. When we knocked down Hrd1 in mouse hearts, in vivo, cardiac function was impaired in mice subjected to a surgery that causes pathological cardiac hypertrophy; in contrast, overexpression of Hrd1 preserved cardiac function. These findings suggest that overexpressing Hrd1 and improving ERAD in the heart have potential for the treatment of heart failure.
Novelty and Significance
Supplemental Material
Detailed Methods:
Cultured Cardiac Myocytes: Neonatal rat ventricular myocyte cultures were prepared from 1 to 3 day-old Sprague-Dawley rat hearts using a neonatal cardiomyocyte isolation system (cat# LK003300 Worthington Biochemical Corp.). Myocytes were then purified on a discontinuous Percoll density gradient. Briefly, isolated cells were counted and collected by centrifugation at 250×g for 5 min in an Eppendorf 5810R using the swinging bucket rotor. Forty to 60 million cells were then resuspended in 2 ml of red (with phenol red) 1×ADS buffer (116mM NaCl, 18mM HEPES, 845µM NaHPO 4 , 5.55mM Glucose, 5.37mM KCl, 831µM MgSO 4 , 0.002% Phenol Red, pH 7.35±0.5). Stock Percoll was prepared by combining 9 parts of Percoll (cat# 17-0891-02, GE healthcare, Piscataway, NJ) with 1 part of clear (without phenol red) 10×ADS. The stock Percoll was used to make the Percoll for the top (density= 1.059 g/ml; 1 part Percoll stock added to 1.2 parts clear 1×ADS) and bottom (density= 1.082 g/ml; 1 part Percoll stock added to 0.54 parts red 1×ADS) layers. The gradient, consisting of 4 ml top Percoll and 3 ml bottom Percoll, was set in a 15 ml conical tube by pipetting the top Percoll first, and layering the bottom Percoll gently underneath, and the cells (in 2 ml red 1×ADS buffer) were layered on the top. Subsequently, the Percoll gradient was centrifuged at 1500×g for 30 min with no deceleration brake at room temperature. The isolated myocytes, which concentrated in the layer located between the lower red ADS layer and the middle clear ADS layer, were carefully collected and washed twice with 50 ml of 1×ADS, and were then resuspended in plating medium and counted. This procedure is also effective for purifying myocytes that have been isolated by trypsin digestion, as previously described 1 . Following Percoll purification, myocytes were plated at the desired density on plastic culture plates that had been pre-treated with 5 µg/ml fibronectin for one hour. Cultures were then maintained in Dulbecco's modified Eagle's medium (DMEM)/F12 (cat# 11330-32, Invitrogen, Carlsbad, CA), supplemented with 10% fetal calf serum and antibiotics (100 units/ml penicillin and 100 µ g/ml streptomycin), and then switched to DMEM/F12 supplemented with 2% fetal calf serum for all of the experiments, except that shown in Online Figure V , which used DMEM/F12 in serum free medium.
H-Leucine Incorporation and Trichloroacetic Acid Precipitation of Protein:
Neonatal rat ventricular myocytes were plated at 0.5 to 1.0×10 6 cells/well in a six-well plastic culture dish. Twenty-four hours after plating, cultures were infected with adenovirus in 1 ml of DMEM/F-12 supplemented with 2% fetal calf serum for overnight infections. The infection medium was then changed to DMEM/F-12 supplemented with 1% bovine serum albumin (serum-free medium) for forty-eight hours. The medium was then changed to serum-free medium with 10 µM phenylephrine, or without, for control. To this medium were added 1 µCi of 3 H-leucine (PerkinElmer NET460A001MC L-[3,4,5-3 H(N)]-Leucine, 100 to 150 Ci/mmol). Forty eight hours later the medium was removed, cultures were washed 3-times with 1 ml of DMEM/F-12, then 0.5 ml of 25% trichloroacetic acid were added and the cells were scraped and transferred to a 1.5-ml microcentrifuge tube. Fifty µl of a 10 mg/ml solution of bovine serum albumin were then added to induce protein precipitation. Samples were frozen overnight and after thawing, precipitates were collected by centrifugation at 4°C at ~20,000×g for 20 minutes. Supernatants were removed by careful manual aspiration using a pipette, and precipitated protein was dissolved in 200 µl of base buffer (1% Triton X-100, 1M NaOH) at 37°C for two hours. Radioactivity in the solubilized material was then quantified by scintillation counting by placing 180 µl of the solubilized protein into 10 ml of Ecoscint scintillation fluid in glass scintillation vials. Each vial was counted for a minimum of 2 minutes. n = 6 cultures per treatment. Experiments were performed on at least 6 separate myocyte preparations.
Cultured Cardiac Myocyte Area: Neonatal rat ventricular myocytes (n = 3 cultures per treatment) were visualized by phase-contrast microscopy. The areas of each of 100-300 cells in images acquired from five different fields of each culture were determined using NIH Image J software. Experiments were performed on at least 3 separate myocyte preparations.
Hrd1 Antiserum Preparation and Characterization:
A custom Hrd1 antiserum was generated in rabbits against a keyhole limpet hemocyanin-conjugated synthetic peptide, PEDGEPDAAELRRRRLQKLE, which is identical to residues 593-612 in the C-terminus of human Hrd1, and is conserved in residues 588-607 of mouse Hrd1, and in residues 584-603 of rat Hrd1. The cross-reactivity of the antibody against Hrd1 was shown by transfecting HeLa cells with an expression plasmid encoding either untagged, or FLAGtagged mouse Hrd1, then demonstrating, by immunoblotting, that the Hrd1 antibody cross-reacts with endogenous and overexpressed Hrd1 at 68 kD, the predicted molecular mass or Hrd1. Moreover, when extracts from FLAG-Hrd1-transfected cells were examined, FLAG and Hrd1 cross-reactive material co-migrated on SDS gels, again, at about 68 kD. The specificity of the Hrd1 antiserum against endogenous and overexpressed Hrd1 was shown by blocking it with the peptide to which it was raised (see above), and then using immunoblotting to show that the 68 kD form of endogenous and overexpressed Hrd1 observed with the unblocked antiserum was not present when blocked antiserum was used.
siRNA Transfection into Cultured Cardiac Myocytes: Cultured cardiac myocytes were plated on 24 mm plates at 0.5 to 0.8 X 10 6 cells per well, then transfected with small interfering (si) RNA oligoribonucleotides targeted to rat Hrd1 (Life Sciences Technologies, Inc., Stealth siRNAs (set of 3) RSS324147, RSS324148, RSS324149), or control (Life Sciences Technologies, Inc.,12935-300). Each well was transfected with 10 pmoles of each siRNA using TransMessenger™ Transfection Reagent (Qiagen, Valencia, CA). After ~20h, in some cases, cells were treated with adenovirus for 24h, after which they were treated ± CHX (100mM) in 2% fetal calf serum containing media for varying times as shown in the figures.
Adenovirus (AdV):
AdV-Hrd1-A recombinant Adv encoding full-length mouse Hrd1 (1-612) (Adv-Hrd1) was produced by first generating a PCR product that included the fulllength mouse Hrd1 (NCBI RefSeq NM_028769) and cloning it into pcDNA3.1, from which the Hrd1 coding region was excised and cloned into the adenovirus shuttle vector, pAdTrack-CMV, which was then used to generate the desired Adv strain in 293 cells, as previously described 2 . A recombinant AdV encoding TCR-α-HA was produced by generating a PCR product from the plasmid template that was a generous gift from Dr. Ron Kopito, Stanford University, that included the full-length TCR-α and C-terminal HA epitope tag. All further cloning and AdV preparation was as described above for AdVHrd1.
Cell Extracts and Immunoprecipitation:
Cells were extracted and subjected to immunoprecipitation and immunoblotting, as previously described 3 .
Immunoblotting and Antibodies:
The following antibodies were used at the following concentrations for immunoblotting: FLAG (Sigma-Aldrich F1804; 1:12,000), CHOP (Cell Signaling, D46F1, 1:1,000), Gapdh (RDI, TRK5G4; 1:150,000), HA-probe F-7 (Santa Cruz, SC-7392; 1:1,000), Hrd1 (see above; 1:20,000), and KDEL (ENZO Life Sciences; ADI-SPA-827; 1:8,000), which detects the C-terminal KDEL on Grp94 and Grp78.
Hrd1 Ubiquitylation Assay:
To examine the ubiquitin ligase activity of Hrd1, HeLa cells were transfected with a plasmid encoding HA-tagged ubiquitin, and either a control plasmid, or a plasmid encoding mouse FLAG-mouse-Hrd1. Twenty-four hours later, extracts were either fractionated by SDS-PAGE, then examined by immunoblotting for Hrd1 and Gapdh, or they were subjected to FLAG immunoprecipitation, fractionated by SDS-PAGE, and then blotted for FLAG, in order to detect overexpressed FLAG-Hrd1. In some cases, FLAG-immunoprecipitates were blotted for HA in order to detect ubiquitin on immunoprecipitated FLAG-Hrd1. A HA-ubiquitin ladder demonstrates the ability of FLAG-Hrd1 to ubiquitin itself, which serves as an indicator of the ubiquitin ligase activity of Hrd1.
ERAD Assay: ER-associated degradation (ERAD) was determined using a C-terminally HA-tagged version of the model substrate, TCR-α, essentially as described 4 . Briefly, 24-48h after plating, neonatal rat ventricular myocytes, which in some cases had been treated with siRNA (e.g. si-Con or si-Hrd1) during plating, were infected with AdV-TCR-α-HA. In some cases, cultures were also infected with another AdV (e.g. AdV-Con or AdV-Hrd1). Twenty-four hours later, culture media was replaced with media containing 2% fetal calf serum and no AdV. Twenty-four hours later, cultures were treated with CHX (100mM) for the times shown in the figures, after which they were extracted, followed by SDS-PAGE, and then blotted for HA. The immunoblots were quantified by densitometry, and TCR-α-HA/Gapdh ratios were determined. In cases where the effects of Hrd1 overexpression or knockdown, or TM or TG treatment on ERAD were examined, the TCR-α-HA/Gapdh values, usually the average of n = 3 cultures/treatment, obtained with no CHX treatment were set to 1.0, and the relative levels of TCR-α-HA/Gapdh after 30, or 60 mins of CHX treatment were compared to it to obtain rates of TCR-α-HA degradation for a given treatment.
Quantitative Real Time PCR: Quantitative real time PCR (qRT-PCR) was carried out as previously described using primers for mouse Hrd1, ATF6, atrial natriuretic factor (ANF), B-type natriuretic peptide (BNP), Grp78, collagen 1A1, β-myosin heavy chain, β-actin and GAPDH, which have also been previously described 5 .
Mouse Heart Extraction: Extracts from left ventricles were prepared by homogenization using a pestle (Wheaton; 358133) and a 1.5 ml microcentrifuge tube in RIPA buffer comprising NaCl 150 mM, Tris-HCl (pH 7.5) 20 mM, Triton-X 1%, Na deoxycholate 0.50%, sodium dodecyl sulfate 1%.
Adeno-associated Virus (AAV):
To prepare AAV to knockdown Hrd1 in the heart, an shRNA targeted to mouse Hrd1 was prepared using the following oligonucleotides:
sense: GCTAGCGCTTCTGTGCAGCTGGTAGTTTTCAAGAGAAAATACCAGC TCGACAGAAGCCTTTTGC antisense: GCGAGCAAAAAGGCTTCTGTGCAGCTGGTATTTTCTCTTGAAAA CTACCAGCTGCACAGAAGCG, which were annealed and cloned into the NheI and XhoI sites in pTRUFU6. AAV9-shCon was prepared by cloning into pTRUFU6. An shRNA directed against a portion of firefly luciferase, which is predicted not to target any mouse transcripts, was generated as a control. The luciferase shRNA was prepared beginning with the following oligonucleotides:
sense: CTAGCGCTCAACAGTATGGGCATGTCTTCAAGAGAGAAATGCCC ATACTGTTGAGCCTTTTTGC antisense: GCGAGCAAAAAGGCTCAACAGTATGGGCATTTCTCTCTTGAA GACATGCCCATACTGTTGAGCG, which were annealed and cloned into the NheI and XhoI sites in pTRUFU6.
To prepare AAV to overexpress Hrd1 in the heart, the vector, pTRUF12, a gift from Dr. Roger Hajjar, was modified by removing the GFP downstream of the IRES, and adding restriction sites into the multiple cloning site to include Nhe1, Pme1, Xho1, and Mlu1. The CMV promoter was replaced with CMV enh MLC800 promoter by standard cloning methods, to generate pTRUF-CMV enh MLC800, which was used to generate AAV9-Con. The vector used to generate AAV9-Hrd1 was constructed by cloning the cDNA from pcDNA3.1-Hrd1 (mouse) into the Xho1 and HindIII sites in pTRUF-CMV enh MLC800. To generate recombinant AAV9, HEK293T cells were transfected with pTRUF helper plasmid and the appropriate pTRUF-CMV enh MLC800, or pTRUFU6 plasmids, and standard virus amplification, purification, and plaque assays were performed. For detailed protocol of AAV9 generation, see the Supporting Materials and Methods of 6 . To administer recombinant AAV, mice were anesthetized with 2% isofluorane and 100 ml of 37ºC heated Lactated Ringer's containing 10 11 genome-containing units per mouse were injected via tail vein.
Immunocytofluorescence of Cultured Cardiac Myocytes: Neonatal rat ventricular myocytes, isolated as described above, were planed onto glass slides (Lab-Tec cat no. 177380 or 154461) that had been pretreated with fibronectin (25 µg/ml in serum free medium for 1h). Cells were plated in DMEM containing 10% fetal calf serum at a density of 2X10 6 cells/chamber. Twenty-four hours later, cells were treated with the appropriate AdV, described above. Twenty-four hours later, the medium was changed to DMEM containing 10% fetal calf serum and, in some cases, cells were treated with TM (10 µg/ml) for 20h. Slides were then washed with PBS then fixed with 4% paraformaldehyde for 20 min, and then washed with PBS, permeabilized with 0.1% Triton X-100 in PBS for 10 min, washed with PBS and then blocked for 1h with 10% horse serum in PBS. After removal of the chamber and gasket, slides were incubated with the appropriate primary antibody diluted in 10% horse serum/PBS. The primary antibodies used were anti-Hrd1 at 1:200 or anti-KDEL at 1:200. Twenty-four hours later, slides were washed with PBS, then incubated with the appropriate secondary antibody, i.e. donkey anti-rabbit-FITC 1:300 and donkey-anti-mouse 1:300. Twenty-four hours later, TOPRO was added at 1:10,000 to stain nuclei, after which cells were mounted with Vectashield and images were obtained on a Zeiss 710 laser-scanning confocal microscope with a 63X objective. Cultured cardiac myocytes were treated with siCon or siHrd1 for 48h, then vehicle, TM (10 μg/ml) or TG (1 μM) for 72h. A, Hrd1, Grp94, Grp78, Gapdh, and CHOP were measured by immunoblotting. B-E, Densitometry of the blots shown in (a) normalized to vehicle-treated siCon, except for CHOP, which was normalized to TM-treated siCon. * = p ≤ 0.05 different from Con; # = p ≤ 0.05 different from Con/siCon by t-test. F and G, Cultured cardiac myocytes were treated as described in A, after which cell viability was determined by MTT assay. * = p ≤ 0.05 different from siCon at the same dose and time of TM or TG treatment, as determined by t-test. H, Cultured cardiac myocytes were infected with AdV-HA-Ubiquitin and treated with either siCon or siHrd1. After 48h, extracts were analyzed for ubiquitylation by anti-HA immunoblotting. Densitometry was used to determine the relative levels of Hrd1 (top) and HA-Ub (bottom). * = p ≤ 0.05 different from siCon by t-test.
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